In the fifty years since Békésy was awarded the Nobel Prize, cochlear physiology has blossomed. Many topics that are now current are things Békésy could not have imagined. In this review we start by describing progress in understanding the origin of cochlear gross potentials, particularly the cochlear microphonic, an area in which Békésy had extensive experience. We then review progress in areas of cochlear physiology that were mostly unknown to Békésy, including: (1) stereocilia mechano-electrical transduction, force production, and response amplification, (2) outer hair cell (OHC) somatic motility and its molecular basis in prestin, (3) cochlear amplification and related micromechanics, including the evidence that prestin is the main motor for cochlear amplification, (4) the influence of the tectorial membrane, (5) cochlear micromechanics and the mechanical drives to inner hair cell stereocilia, (6) otoacoustic emissions, and (7) olivocochlear efferents and their influence on cochlear physiology. We then return to a subject that Békésy knew well: cochlear fluids and standing currents, as well as our present understanding of energy dependence on the lateral wall of the cochlea. Finally, we touch on cochlear pathologies including noise damage and aging, with an emphasis on where the field might go in the future.
Introduction
In celebration of the 50-year jubilee for Georg von Békésy's Nobel Prize we review progress in cochlear physiology with a special view to those areas in which Békésy made important contributions. In order to make this paper understandable to nonexperts in the field, we focus on major trends and controversies. This necessitates that important details are omitted. Because it is impossible to reference all of the papers that have been important in producing our current understanding of cochlear physiology, we reference a mix of original papers from the discoverers of phenomena, and more recent papers that provide a variety of relevant references. Although many interesting things have been learned about non-mammalian hearing, we concentrate on mammalian cochlear physiology.
The origin of cochlear gross potentials
As Tonndorf (1986) reported, Békésy was employed at the Telephone System Laboratory of the Post Office in Budapest, the best place in Hungary for his experimental endeavors since scientific equipment was available there. Because of the rather primitive understanding of the inner ear at that time, Békésy found it difficult to answer questions from his engineering colleagues about auditory physiology. Fortunately, a supportive environment allowed Békésy to begin the experimental studies that would become his life work.
Békésy's early electrophysiological experiments were designed to pinpoint the origin of the cochlear microphonic (CM). CM was thought by its discovers, Wever and Bray (1930) , to be from the auditory nerve. However, at the time that Békésy performed his experiments, it was known that the CM was not coming from the auditory nerve (Adrian, 1931) , and that it disappeared with organ of Corti removal, thereby implicating hair cells in its generation. In spite of the fact that some considered the CM to be an epiphenomenon (Davis, 1949) , Békésy wondered what role this gross ac cochlear potential might have in peripheral signal coding. His early observations indicated that the vibratory patterns of the basilar membrane (BM) were complex such that the CM represented an integration of voltages produced along the partition, which complicated their interpretation. Even when Békésy used a sharp needle to set a small section of the partition into motion, there were phase cancellations in CM. A differential electrode technique was introduced by Tasaki et al. (1952) to at least partially deal with these complications.
In order to determine the place of origin of the CM, Békésy described three tissues that an electrode encountered in its traverse of the cochlear partition after entering from scala tympani. The first included the BM, which did not produce potentials and, therefore, acted as a simple electrical resistance. The second included supporting cells like Hensen and Claudius cells that do not generate a first-order CM but appeared to function like batteries with negative resting potentials. Finally, the third group included active cells responsible for the large potentials seen in the scala media (SM). With improved recording technologies Békésy would probably have been able to record from individual hair cells in addition to his observations of the endocochlear potential (EP) and injury potentials as the recording electrode passed through the cochlear partition. The first actual in vivo intracellular hair cell recordings were made by Russell and Sellick (1978) . These inner hair cell (IHC) recordings from the base of the cochlea were later supplemented by inner and outer hair cell (OHC) measurements from the apex by Dallos et al. (1982) .
Békésy's experiments using a vibrating electrode demonstrated that the CM was proportional to BM displacement not velocity. These experimental results foreshadowed the later intracellular work showing that OHCs respond to BM displacement, IHCs to velocity at least at low frequencies. Current thinking suggests that when recorded at the round window, the CM is dominated by receptor currents generated primarily by basal OHCs (Patuzzi et al., 1989) responding to inputs below their characteristic frequency (CF). In other words, the CM recorded from distant electrodes is a passive phenomenon, something that Békésy understood in the 1950s.
Stereocilia mechano-electrical transduction (MET) and amplification
Shortly after Békésy received the Nobel Prize in 1961, the first key steps were made in understanding hair cell mechano-electrical transduction (MET). Experiments in the lateral line demonstrated that displacing stereocilia toward the tallest row caused current flow into a hair cell (Flock, 1965) . The CM is a gross reflection of these receptor currents, i.e., hair cell MET underlies its generation. Over the past decades much more has been learned about MET in stereocilia, mostly from vestibular and non-mammalian hair cells (Gillespie and Müller, 2009) . MET in stereocilia is mediated by connections between adjacent rows of stereocilia called "tip links" (Fig. 1A) . Displacing the stereocilia in the excitatory direction pulls on the tip links, thereby increasing open probability, and current flow through the channels (Fig. 1B) . From the point of view of a single channel, the action is somewhat like a spring pulling on a door that opens when the tension is sufficient; however, there is not a fixed tension at which the channel opens. Instead the channel opening is probabilistic with open probability increasing as the tension becomes greater. An individual channel rapidly flips between closed and open states, and the tip-link tension controls the proportion of time that the channel is open. The mechanical coupling between the tip-link tension and channel opening is likely to be bidirectional. If something causes a channel to close, it pulls on the tip link and moves the stereocilia (i.e., if the door is closed it stretches the spring). This is important as it represents a mechanism whereby physiological responses of hair cells can cause mechanical movements.
In the cochlea, the tip links are maintained in a state of tension, so that in the resting state the channel-open probability is not zero. This results in there being a resting current flowing through the hair cells. The resting current allows both increases and decreases in tip-link tension to change current flow through the stereocilia, i.e., hair cell current can be modulated in both directions by sound. The resting operating point of the channel-open probability varies across hair cell types and from base to apex. At the base of the cochlea, w50% of the MET channels in OHCs appear to be open, which is much larger than the w11% estimated for OHCs at the apex (Dallos et al., 1982) and for IHCs at all cochlear locations (Russell and Kössl, 1991 ), and the calcium produces two kinds of adaptation (Martin et al., 2000) . If stereocilia are pushed and held in the excitatory (channel open) condition for many milliseconds, then the calcium flowing into the stereocilia causes the tip link's attachment to the taller stereocilia to move down the stereocilia thereby reducing tension in the tip link (Holt and Corey, 2000) . This decreases the current flow while the stereocilia remain deflected (i.e., it causes adaptation) with the net effect of returning the transducer operating point to near its resting condition. Calcium entering into the stereocilia also produces another, much faster, adaptation that is thought to be due to calcium ions binding onto the MET channel protein or to a nearby site (Fig. 1B) . When calcium binds to this site, it changes the properties of the MET channel such that the channel-closed probability increases. The resulting channel closing pulls on the tip link and exerts a force on the stereocilia. These two calcium-activated adaptations can produce spontaneous oscillations of stereocilia and amplification of small, sound-induced stereocilia motions (Martin et al., 2003) . Such calcium-activated stereocilia motion appears to be the mechanism by which responses to low-level sounds are amplified in many non-mammalian vertebrates. Since MET channels in mammalian cochlear stereocilia appear to work by the same mechanisms as in other stereocilia, it has been suggested that stereocilia motility contributes to mammalian cochlear amplification. Fast stereocilia adaptation has been found in mammalian OHCs at frequencies up to a few kHz, but technical limitations have prevented a determination of whether there is fast stereocilia adaptation at higher frequencies (Kennedy et al., 2003) .
Outer hair cell motility and Prestin
Perhaps the most important reason that Békésy's traveling wave is not the last word on the topic is OHC somatic motility. Brownell et al. (1985) and Zenner et al. (1985) showed that OHCs change their length as a function of membrane polarization; hyperpolarization causes OHC elongation and depolarization causes OHC contraction. Experimental evidence suggests that a bidirectional relationship between the electrical and mechanical events underlies OHC motility. This direct coupling of OHC voltage and local mechanical properties exhibits a piezoelectric coefficient that is four orders of magnitude greater than the best known piezoelectric materials (Iwasa, 2001) . Because many investigators have worked to characterize the biophysics of OHC electromotility (reviewed by Ashmore, 2008) , we provide only a few highlights. For example, somatic motility is fast (Ashmore, 1987; Frank et al., 1999) and it can be induced by cilia displacement (Evans and Dallos, 1993) . Because motility depends on local membrane events (Kalinec et al., 1992) , speculation suggested that the OHC's lateral membrane might contain sensors that changed their conformation when exposed to a change in membrane potential. This possibility motivated several groups to search for the motor protein. The result was the discovery of prestin (Zheng et al., 2000) and the demonstration that molecular shape changes (Fig. 1C) were dependent on intracellular anions, especially chloride (Oliver et al., 2001; Santos-Sacchi et al., 2006) . The concerted action of thousands of motor-protein molecules in the lateral membrane results in length change and the generation of force. Recent atomic force microscopy indicates that the w11 nm particle clusters in the OHC's plasma membrane (Murakoshi and Wada, 2009 ) are associated with prestin tetramers. Because prestin is unique to mammals, it may provide the main motor power for mammalian cochlear amplification.
Cochlear amplification and cochlear micromechanics
Békésy's ground-breaking measurements demonstrated the existence of traveling waves but were done on passive cochleae from cadavers. Over the last few decades we have learned that if Békésy had done measurements on live cochleae in good condition, BM motion to low-level tones would have been much larger. A variety of experiments provide strong evidence that active processes in OHCs increase BM movements at low sound levels by what is now called "cochlear amplification". The consequences of this for the traveling wave are dealt with in the cochlear mechanics paper in this issue (Olson et al., 2012) . Here we consider the question of what cellular and micromechanical processes produce cochlear amplification.
Early work after Békésy's era showed two major things: that OHCs are needed for sensitive hearing and that as sound level is increased, the growth of BM motion is nonlinear (Rhode, 1971; Dallos and Harris, 1978) . Since Békésy, techniques for measuring BM motion have slowly improved so that we now have measurements of BM motion in the cochlear base of animals with nearnormal thresholds. A key aid in the development of these techniques was the tone-pip audiogram, i.e., measurements across frequency of the sound levels needed to produce a criterion auditory-nerve compound action potential (CAP). Using CAPs, the quality of a preparation could be assessed throughout the surgery. Measurements in sensitive cochleae (assessed by CAPs) have shown that as the level of a stimulus tone is increased, BM motion at the best-frequency cochlear place grows with compressive nonlinearity while motion an octave, or more, away grows linearly (Rhode, 1971 ; reviewed in Robles and Ruggero, 2001 ). The increase in BM sensitivity at low sound levels, i.e., "cochlear amplification", was shown to depend on the endocochlear potential and intact, well-functioning OHCs. In the apical half of the cochlea, there are no BM measurements of comparable quality, and existing measurements suggest that cochlear mechanics is different in the apex compared to the base (Cooper and Rhode, 1995) .
Since the discovery of BM mechanical nonlinearity and its dependence on active, energy consuming processes, a major question has been whether this nonlinearity is due to amplification of energy carried by the traveling wave. The alternative hypothesis is that the increase of BM response to a tone near the cochlear best place is due to active processes shaping the BM impedance (i.e., making BM impedance lower so the same energy produces a larger amplitude of motion). It is now generally accepted that cochlear amplification is produced by a cycle-by-cycle injection of energy into the traveling wave. Perhaps the strongest evidence on this issue is the presence in normal ears of spontaneous otoacoustic emissions (see below), which are readily explained by energy being injected on a cycle-by-cycle basis but not by changes in BM impedance that do not inject cycle-by-cycle energy. Modelinterpreted measurements show that the cochlear amplifier injects energy into the traveling wave over a short distance just basal to the peak of the traveling wave (de Boer and Nuttall, 2000; Shera, 2007) .
A second major question about cochlear amplification has been: What cochlear element provides the motor that drives cochlear amplification? Since cochlear amplification depends on OHCs there have been two candidates: OHC stereocilia motility and OHC somatic motility. One approach to this issue is to look at how fast these motors can perform. OHC somatic motility is driven by membrane voltage and in isolated OHCs the basolateral membrane acts on the OHC receptor current like a low-pass RC (resistancecapacitance) filter with a cut-off frequency that was measured to be in the 100e1000 Hz range (Russell et al., 1986) . Since this cut-off frequency is much lower than the highest frequencies of mammalian cochlear amplification, it has been argued that OHC somatic motility cannot be the motor for cochlear amplification. Recent extrapolations to more physiologic conditions suggest that the OHC cut-off frequency could be ten times higher than previous estimates (Johnson et al., 2011) . Perhaps more important, piezoelectric coupling of OHCs to the local organ of Corti mechanical impedance may make OHC cut-off frequencies higher in situ than in isolated OHCs (Rabbitt et al., 2009 ). Finally, OHCs appear to operate as high-gain force producers in a feedback loop and this, plus their piezoelectric coupling, allows OHCs to provide cochlear amplification at frequencies far above the cut-off frequency of isolated OHCs (Lu et al., 2006; Meaud and Grosh, 2010) . Overall, the argument that OHC low-pass filtering precludes OHC somatic motility from being the motor of mammalian cochlear amplification appears to have little weight.
By contrast, much less consideration has been given to the lowpass filter characteristics of motility from the MET channels in OHC stereocilia. The CM at high frequencies demonstrates that stereocilia MET channels operate at high frequencies and provide fast current flow through mammalian stereocilia. However, there is an inherent low-pass nature to the binding and unbinding of Ca 2þ at the presumed MET receptor site. In addition, the current through a small channel must build up the local Ca 2þ concentration near this binding site in a process that resembles buffered diffusion. Since stereocilia force production at high frequencies has not been demonstrated experimentally, more exploration is needed to determine whether this may be due to inherent low-pass filtering in MET motility. Although the role of stereocilia-based motility in mammals remains unclear, it is still possible that this process contributes to cochlear amplification (Chan and Hudspeth, 2005; Kennedy et al., 2005; Ashmore et al., 2010) . Conclusive evidence on the motor element of mammalian cochlear amplification has come from experimental manipulations of prestin. Prestin knockout (KO) mice showed a loss of frequency selectivity and sensitivity on the order of 50 dB (Liberman et al., 2002; Cheatham et al., 2004) , which provided the first good evidence that OHC motility drives the cochlear amplifier. However, in prestin KO mice, OHCs were only 60% of their normal length and their stiffness was reduced. These changes are important because amplifier gain requires an appropriate mechanical impedance match between the amplifier and its load. If the stiffness of the OHC is reduced, the impedance changes and gain may be decreased. In order to more conclusively examine the role of prestin in cochlear amplification, a knockin (KI) mouse in which only 2 of prestin's 744 amino acids were altered was developed (Dallos et al., 2008) . Even though this mutated prestin protein was produced in normal amounts, targeted the OHC's basolateral membrane and resulted in normal-length OHCs, a dramatic reduction in motor action was recorded. These experiments conclusively showed that prestin is required for normal cochlear amplification. However, questions remain about the process of cochlear amplification. For instance, in a chimeric mouse, where normal OHCs interleaved with those lacking prestin, sensitivity and frequency selectivity were directly proportional to the number of OHCs expressing prestin (Cheatham et al., 2009) . Additional experiments are required to understand how this relationship comes about.
While the above data indicate that the traveling wave is amplified by prestin-mediated somatic motility, important details of how this is accomplished are unclear. Nonetheless, it is useful as a heuristic exercise to consider the steps that seem likely to be involved based on current knowledge. Consider what happens as the BM moves up toward scala vestibuli (Fig. 2) . The upward movement of the BM and the organ of Corti produces shearing between the reticular lamina (RL) and the tectorial membrane (TM), which by itself would produce deflection of the OHC stereocilia in the excitatory direction. However, there may be significant TM radial vibrations (see below) that affect the timing of the OHC stereocilia deflections. The stereocilia deflections initiate current flow through the OHC MET channels, which depolarizes the OHC. This OHC depolarization produces an OHC contraction, which pulls the RL and the BM closer together. The resulting upward pull on the BM will add energy to, and amplify, the traveling wave if the pull comes at the right phase during the cycle. The timing of all of these steps is a feature that is poorly understood. There may also be other factors involved, such as stereocilia motility or filtering. This outline of what may be happening is intended to provide an understanding of the factors involved in cochlear amplification. Further investigation is required to determine the exact mechanisms by which cochlear amplification is produced.
The tectorial membrane
The TM is a key element in cochlear amplification because the drive to OHC somatic motility comes from OHC stereocilia being deflected by shear between the RL and the TM. The TM has long been thought to act mainly as a mass at the frequencies relevant for cochlear amplification and not to shape the BM traveling wave. However, in mice with a genetically altered TM protein (b-tectorin KO mice), high-frequency cochlear sensitivity was reduced but cochlear tuning became sharper (Russell et al., 2007) . This result contrasts with previous manipulations where lowered cochlear sensitivity was associated with broader tuning functions. Measurements on excised TMs show that the TM can sustain shear waves that propagate in the longitudinal direction (Ghaffari et al., 2010) . In other words, they show TM traveling waves, something foreshadowed in cochlear models (Hubbard, 1993) . In b-tectorin KO mice, the spatial extent of the TM traveling wave is reduced in (left) and shear of the RL relative to the tectorial membrane (TM) that deflects stereocilia in the excitatory direction (green arrow). 3. This deflection of outer hair cell (OHC) stereocilia opens mechano-electricaltransduction channels, which increases the receptor current driven into the OHC (blue arrow) by the potential difference between the þ100 mV endocochlear potential and the wÀ40 mV OHC resting potential. The receptor current flowing through the impedance of the hair cell's basolateral surface depolarizes the cell. In contrast to OHCs that are displacement detectors, inner hair cells (IHCs) are sensitive to velocity, at least at low frequencies, because their hair bundles are not firmly imbedded in the overlying TM. 4. OHC depolarization causes conformational changes in individual prestin molecules that sum to induce a reduction in OHC length. The OHC contraction pulls the BM upward toward the RL, which amplifies BM motion when the pull on the BM is in the correct phase. As noted in the text, it also produces downward RL motion in the OHC region and upward motion in the IHC region due to RL pivoting. The downward RL motion in the OHC region is opposite from the RL motion produced in steps 1e2, which effectively applies negative feedback on the RL motion that is the drive to the OHC (see Lu et al., 2006) . The RL pivoting and resulting fluid flow in the subtectorial space may provide an additional mechanism by which OHC motility may enhance the mechanical drive to IHC stereocilia (see text Section 7). a way that seems to account for the sharper BM traveling wave tuning (Ghaffari et al., 2010) . These data suggest that the TM has a greater influence on cochlear tuning and BM responses than has been appreciated .
Cochlear micromechanics and the drive to inner hair cells
The classic view, illustrated in von Békésy's (1960) book, is that the mechanical drive to hair cell stereocilia comes from shearing between the RL and the TM. In this view, BM motion produces inphase transverse motions of the TM and organ of Corti, and RLeTM shearing comes from these structures pivoting about different insertion points. However, recent measurements have shown that cochlear micromechanics is more complicated. In the cochlear base of sensitive guinea pigs, the motion in response to a best-frequency sound is 2e3 times larger at the RL than at the BM (Chen et al., 2011) . Furthermore, RL and BM responses both grow nonlinearly, but with different patterns. Although in the past the primary interest has been on BM mechanics, it is now focused at the top of the organ of Corti where the micromechanics drive the IHC stereocilia, and ultimately the synaptic events that form the output of the cochlea.
Recent work has provided new insights into the motion patterns driving IHC stereocilia. At low frequencies (w<3 kHz), OHC contractions cause the RL to pivot about the head of the pillar cells so that when the RL over the OHCs moves down (toward scala tympani), the RL over the IHCs moves up (Nowotny and Gummer, 2006; Jacob et al., 2011) . Indirect evidence indicates that OHC contractions may also increase the RLeTM gap (Guinan, 2011) . RL pivoting and the resulting gap changes would induce fluid flow in the subtectorial space that deflects IHC stereocilia (Nowotny and Gummer, 2006; Guinan, 2011) , thereby providing a way for active OHCs to directly affect IHCs without BM motion as an intermediary. Since, at low frequencies, the force that moves the TM is transmitted primarily through the OHC stereocilia, passive organ of Corti motions from pressure differences across the cochlear partition may also change the RLeTM gap. Again, this could influence fluid flow in the RLeTM gap that drives IHC stereocilia. Speculation suggests that for low frequencies and low sound levels, the main drive to IHCs may relate to RL tilting and the resulting fluid flows in the RLeTM gap, i.e., not from the traditional RLeTM shear. However, much remains to be learned about how changes in the RLeTM gap drive IHC stereocilia, particularly in their phases relative to the traditional RLeTM shear.
Otoacoustic emissions
Békésy demonstrated the existence of forward traveling waves, and in the years since his work it has been found that there are also backward traveling waves that give rise to otoacoustic emissions (OAEs). OAEs are sounds in the ear canal that originate in the cochlea (Kemp, 1978) . As a traveling wave moves apically it generates distortion due to cochlear nonlinearities (mostly from nonlinear characteristics of the OHC MET channels, the same source that produces the nonlinear growth of BM motion), and encounters irregularities due to variations in cellular properties. As a result, some of this energy travels backwards in the cochlea and the middle ear to produce OAEs. Although most investigators support the idea that the energy for OAEs is carried backward in the cochlea by reverse traveling waves (e.g., Shera et al., 2007; Dong and Olson, 2008; Meenderink and van der Heijden, 2010) , others maintain that this energy is carried by compressional waves in the cochlear fluids (e.g., Ren, 2004; Siegel et al., 2005) .
Normal ears sometimes exhibit spontaneous OAEs (SOAEs), and in birds and reptiles stereocilia are thought to be responsible for their generation (Manley, 2001 ). However, in mammals there is strong evidence that SOAEs arise from multiple reflections of forward and backward traveling waves that are sustained by cochlear amplification (Shera, 2003) . In theory these SOAEs can be produced by cochlear amplification from either somatic or stereocilia motility. If OHC somatic electromotility mediates the majority of cochlear amplification, then SOAEs in mammals arises from gain produced by prestin-based mechanisms.
OAE amplitudes provide information about cochlear amplification because the energy for OAEs comes from the traveling wave and the cochlear amplifier amplifies this energy. Since OAEs can be measured with a sensitive microphone in the ear canal, they provide a non-invasive measure of cochlear amplification and cochlear health. Because OAEs have both scientific and clinical utility, they have become the main method for infant hearingscreening tests.
Olivocochlear efferents and cochlear physiology
At the time that Békésy was awarded the Nobel Prize, it was known that there were efferent fibers that went from the brainstem to the cochlea, and that shocking efferents in the brainstem inhibited auditory-nerve CAPs and increased CM (reviewed by Guinan, 1996) . However, the relationship of both efferents and auditory-nerve afferents to IHCs and OHCs was not yet known. In the ensuing years, it was shown that (1) myelinated Type I auditory-nerve fibers (ANFs) innervate IHCs, and unmyelinated Type II ANFs innervate OHCs, and (2) myelinated medial olivocochlear (MOC) efferent fibers innervate OHCs while unmyelinated lateral olivocochlear (LOC) efferent fibers innervate dendrites of Type I ANFs under IHCs. Relatively little is known about the two types of unmyelinated fibers because they are difficult to stimulate and record from. However, inhibition of CAPs from the myelinated, Type I ANFs is now known to be produced by the myelinated MOC fibers (Guinan et al., 1983) . How do MOC fibers that innervate OHCs change the firing patterns of ANFs that innervate IHCs?
An important step in answering this question came from the demonstration that stimulating MOC fibers produces changes in otoacoustic emissions (Mountain, 1980; Siegel and Kim, 1982) , i.e., MOC fibers produce mechanical effects. Furthermore, the pattern of these effects is consistent with the idea that MOC activity turns down the gain of the cochlear amplifier. MOC fibers release acetylcholine, the neurotransmitter that acts on an unusual acetylcholine receptor on OHCs (Elgoyhen et al., 2001) . Activation of these receptors allows the entry of calcium into OHCs, which activates Ca 2þ -activated K þ channels that hyperpolarize the OHCs (Fuchs, 2002) . This change in membrane potential reduces cochlear amplifier gain in two ways: (1) from the synaptic K þ channel conductance shunting OHC receptor currents (Rabbitt et al., 2009) , and (2) by the OHC hyperpolarization moving OHC somatic motility away from its optimum voltage operating point (Santos-Sacchi, 1991). Thus, MOC fibers on OHCs reduce the response of ANFs that innervate IHCs by decreasing OHC force production, thereby turning down the gain of the cochlear amplifier. Gain reduction does not explain all of the MOC effects on ANF responses to sound. In fibers with high (>10 kHz) CFs, MOC stimulation inhibits responses for "tail-frequency" tones by as much as 10 dB (Stankovic and Guinan, 1999) . In contrast, BM measurements show no cochlear amplification at frequencies an octave, or more, below high-frequency BFs. Another example is that in fibers with CFs <4 kHz, MOC stimulation inhibits the auditory-nerve initial peak (ANIP) response to high-level clicks (Guinan et al., 2005) . Again, this is not readily accounted for by the classic effects of cochlear amplification because the first peak of BM click responses grows linearly and does not receive cochlear amplification, at least for moderate to high levels at the base of the cochlea where BM motion is well characterized. These phenomena may be explained by fluid flow in the RLeTM gap that excites IHCs (Section 7) but more data are needed to clarify these issues.
All of the above MOC phenomena build up and decay on a time scale of w100 ms but one kind of MOC inhibition builds up and decays on a much longer time scale. Although these "fast" and "slow" MOC effects both reduce BM responses to sound, they result in different BM phase changes, indicating that they originate from separate OHC mechanical changes (Cooper and Guinan, 2003) . For example, the slow MOC effect may relate to a stiffness change, since application of acetylcholine reduces OHC stiffness on a slow time scale (Dallos et al., 1997) .
These MOC effects appear to have several roles. There is strong evidence that MOC stimulation reduces acoustic trauma and this trauma reduction may be due to the MOC slow effect. However, MOC fast effects may also be involved in reducing acoustic trauma. At high levels MOC activation has little effect on BM cochlear amplification, but it has large effects on BM phase, which shows that MOC fibers produce mechanical changes that affect high-level BM responses (Cooper and Guinan, 2011) . A second effect of MOC fibers is to increase the ability to discriminate sounds in a noisy background (Winslow and Sachs, 1988; Kawasa et al., 1993) . The MOC-induced reduction of cochlear amplifier gain reduces the response to ongoing, low-level noise more than it reduces the response to higher-level transient sounds (Cooper and Guinan, 2006 ; but see Russell and Murugasu, 1997) . This behavior increases the signal-to-noise ratio of BM responses. The MOC reduction of responses to low-level noise also reduces adaptation at the IHC-ANF synapse. Both of these effects enhance auditory-nerve responses to transient sounds, making them more salient (reviewed by Guinan, 2006) . Although there are many investigations that failed to observe MOC antimasking, others have succeeded, and the overall conclusion is that MOC antimasking can enhance hearing but is not a potent factor in all situations.
10. Fluid physiology, standing currents, and energy dependence on the lateral wall Békésy's perspective on the ear reflected the importance of electrical circuits (electrical potentials, boundary resistances, etc.) in understanding physiological systems. This view was also incorporated into Davis' model (1958) of the same era. These electrical models provided the foundation for our understanding of the physiological processes in the cochlea and the origin of cochlear potentials. In addition, Békésy described the resting potentials throughout the ear, specifically the high positive potential recorded in cochlear endolymph. Although the unique high potassium content of endolymph had been reported (Smith et al., 1954) , its significance was not fully appreciated, as the understanding of electrochemistry and the ionic basis of cochlear transduction was to come later. In the electrical models, currents across resistances were driven by voltage differences. Model interpretations changed slightly when it became known that ionic currents through ion channels depend on both ionic concentrations and voltage gradients (i.e., electrochemical gradients). We now know that the current passing through the hair cells is predominantly carried by potassium, passing though non-selective cation channels in the hair cell stereocilia. The potassium passes partially as a current in perilymph but some is recirculated back into endolymph through an epithelial gap junction system mediated by ion transport systems in the organ of Corti and the lateral wall (a.k.a. stria vascularis). When the electrochemistry of this circuit is considered, it can be appreciated that the energy driving transduction is added in a two-step process in the lateral wall. The first step is elevation of the electrochemical potential for potassium by active transport into the fibrocytes, basal cells and intermediate cells (linked together by gap junctions). The second step is the increase in electrochemical potential for potassium generated by active transport in the basolateral membrane of the marginal cells. Both of these steps are accomplished using Na/K/ATPases and metabolic energy to exchange ions. However, the Na/K/ATPases and associated NaKCl cotransporters move ions in an almost electroneutral manner and do not themselves contribute to the major electrical potentials of the ear. In other words, the positive endocochlear potential is not directly generated by these active transport processes but arises from an ion flux through the inward rectifier, KCNJ10, potassium channels in the apical membrane of intermediate cells. This movement is driven by the electrochemical gradient for potassium that the active transport has established. Similarly, the hair cell resting potentials arise from the high potassium permeability of their basolateral membranes and not directly from active ion transport. This knowledge implies that the energy driving transduction currents cannot be inferred from endocochlear and hair cell potentials, as passive ion movements mainly generate these potentials. The source of the energy for transduction, an issue that acutely concerned Békésy, is thought to be provided predominantly by the remote active ion transport in the lateral wall and not by the hair cells themselves. That the energy comes mainly from the lateral wall contrasts with the perspective from electrical models in which the lateral wall and hair cells appear to make similar contributions to the energy driving current circulation. It also explains why the positive endolymphatic potential is absent in the saccule and utricle, which have secretory dark cells (analogous to cochlear marginal cells) but lack the fibrocyte, basal cell and intermediate cell components that provide one step in the elevation of potassium potential in the cochlea (Wangemann, 1995) . Nevertheless, even with our present-day understanding of endolymph physiology, there remain perplexing issues. For example, we know that potassium circulates as the so-called transduction current resulting in an endolymph turnover, measured by radiotracer, with a half time of 55 min . Yet similar radiotracer measurements show that endolymph chloride turns over almost as quickly as potassium, with a measured half time of 69 min . This similarity suggests chloride currents may be equally important, although we know remarkably little about them. With large circulating potassium currents, we might also expect endolymph volume to be unstable in the face of different current demands through the hair cells. The fact that endolymph volume is remarkably stable may result from the regulation of anions, as electroneutrality prevents anion and cation concentrations from differing. These possibilities require investigation in order to establish and understand the mechanisms underlying local endolymph regulation.
Early on Békésy speculated that there was a constant current flow across the cochlear partition and an associated potential generated in the absence of sound. His experiments on DC potentials in the cochlea and demonstration of sustained potentials to trapezoidal mechanical stimuli showed that there existed a continuous consumption of energy in the cochlea. This observation foreshadowed the result by Zidanic and Brownell (1990) showing a resting or silent current originating in the stria vascularis and flowing through the scala media space. This observed activity in the absence of stimulation probably relates to the fact, as discussed above, that a proportion of the MET channels are open at rest. OHCs with high CFs do not generate slow depolarizing (sometimes called 'dc') receptor potentials because the set point of their transducer operating functions is located at a place where the function has its steepest slope, thereby maximizing gain. Variations around this set point average to zero over a stimulus tone cycle. In contrast, in IHCs the relationship between MET conductance and cilia deflection is nonlinear even for low-level inputs so that variations around the set point do not average to zero over a stimulusetone cycle, which accounts for the asymmetry of IHC receptor potentials. Except at low frequencies where phasic or 'ac' receptor potentials can induce transmitter release, it is this dc receptor potential in IHCs that gives rise to transmission of highfrequency information to the auditory nerve.
Cochlear pathologies including noise damage and aging
In a review of Békésy's work, Tonndorf (1986) points out that "Békésy was the first to study function of the auditory organ experimentally, replacing theoretical considerations with experimental evidence". While most of his publications were focused on how the normal ear and other sensory systems transduced their specific inputs into a form that the brain could utilize, he also played a pivotal role in the emerging fields of audiometry and audiology. He established Békésy audiometry, an automated tracking procedure in which the subject held a button when they heard a tone, during which the tone level was slowly decreased, and released the button when they could not hear the tone, during which the tone level was slowly increased. He also published on the subject of loudness recruitment, which was pertinent to the increasing use of electronic hearing aids at the time. But Békésy could never have imagined the growth of interactions between scientists and clinicians in the area of pathologies of the ear that has taken place over the past 50 years. Studies of noise effects on the ear have led to industrial noise-exposure regulations, increased use of hearing protection devices and hearing conservation programs. In recent years there is mounting evidence that protective drug therapies, given either pre-or post-exposure, may ameliorate the damage to hearing by loud sound. We are also beginning to realize that noise can have complex effects not just limited to OHC loss. In fact, noise can produce damage to the lateral wall (Hirose and Liberman, 2003) and excitotoxic effects at afferent synapses that can cause loss of afferent fibers after noise, even when the measured sensitivity of the ear recovers fully (Lin et al., 2011) . In clinical practice, measures of auditory and vestibular function now play an important part in the diagnosis and treatment of conditions such as Meniere's disease, otosclerosis and acoustic neuroma. We are also beginning to understand the progressive deterioration of inner ear function with age that is manifest as presbycusis. Similar to the situation with noise, there is now evidence that age-related hearing loss can arise not only from deterioration and loss of sensory hair cells, but also from a decline of ion transport processes in the lateral wall with concomitant reduction of the endocochlear potential (Schuknecht, 1974; Gratton et al., 1996) . As we increasingly understand the underlying physiology of these conditions, we move closer to the goal of diagnosing the specific types of hearing loss, and perhaps determining the tissues and structures involved for each individual patient, in order to optimize therapies for specific conditions.
Nowhere is this more important than in the field of genetic deafness, where screening can now establish the genes, proteins and affected cell types underlying the deafness. While therapies for deafness have advanced with the widespread availability of cochlear implants, there are ongoing advances that will expand the benefits of these devices. The use of "soft" surgical techniques that preserve residual low-frequency hearing in the implanted ear allows patients with high-frequency hearing loss to benefit from implantation (Lehnhardt, 1993) . This advance has expanded the use of hybrid cochlear implants in what is now called electroacoustic stimulation (Gantz and Turner, 2004) . The use of local drug therapies, such as steroids or neurotrophins, in conjunction with cochlear implantation is also likely to improve patient outcomes.
And finally, we are presently on the cusp of a new era in the treatment of inner ear disorders, which is the use of gene, cellular, and stem-cell regenerative therapies to restore hearing in the deafened ear. This has to be seen as the ultimate test of our knowledge of development, function, pathology and regenerative therapy of the ear. In recent years, endolymphatic injections have been utilized to deliver siRNAs (Sellick et al., 2008) and genes such as Atoh1 (Kawamoto et al., 2003) that have been reported to induce new hair cells in the deafened cochlea. Many issues remain before these experimental results can become clinical procedures but they offer the promise of curing or ameliorating many conditions that are now untreatable.
A major driver of the changes that have taken place since Bék-ésy's era has been the development of less invasive procedures for monitoring and manipulating the inner ear. Such techniques allow sophisticated measurements to be made with the ear in as close to a physiologically normal state as possible. There are still limitations to many of our techniques, but as new methodologies are developed, we can look forward to the opening of areas of cochlear physiology that are still unknown. Given the huge advances in the past 50 years, it will be interesting to see how our understanding of the ear changes in the next 50. Will we be able to use new techniques and new genetic information to fix a broken cochlea?
